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Eye-movementsWhile the close link between eye movements and visual attention has often been demonstrated, recently
distinct attentional modes have been associated with speciﬁc eye movement patterns. The ambient
mode—serving the localization of objects and dominating early scene inspection—is expressed by short
ﬁxations and large saccade amplitudes. The focal mode—associated with the identiﬁcation of object
details and dominating later stages of scene exploration—is indicated by longer ﬁxations embedded in
short saccades. The relationship between these processing modes and eye movement characteristics
has so far only been examined in adults. While studies in children revealed a maturation of oculomotor
behavior up to adolescence, developmental aspects of the processing modes are still unknown. Here we
explored these mechanisms by comparing eye movements during the inspection of naturalistic scenes.
Therefore, gaze behavior from adults and children in four different age groups (2, 4–6, 6–8, 8–10 years
old) was examined. We found a general effect of age, revealing that with age ﬁxation durations decrease
and saccade amplitudes increase. However, in all age groups ﬁxations were shorter and saccades were
longer at the beginning of scene inspection but ﬁxations became longer and saccades became shorter
over time. While saliency inﬂuenced eye guidance in the two youngest groups over the full inspection
period, for the older groups this inﬂuence was found only at the beginning of scene inspection. The results
reveal indications for ambient and focal processing strategies for as early as 2 years of age.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Vision is an active process that requires the sampling of visual
information from the environment. Highest visual quality is
achieved only within a small region at the center of gaze. This
foveal region covers about 2 of visual angle. Therefore, fast saccad-
ic eye movements are necessary to bring new visual information
into this foveal region. During saccades the visual processing is
suppressed; it happens mainly during ﬁxations, when the gaze is
relatively stable (e.g., Findlay & Walker, 1999; Thiele et al., 2002;
Volkmann, 1986). Extracting relevant fragments from a scene
therefore requires both, saccades as well as ﬁxations. Saccades
are necessary to bring the eyes to regions of interest and duringﬁxations the information will be processed. Based on these
assumptions, the spatial location of an eye-ﬁxation can also be
understood as an indicator for the allocation of visual attention
(Henderson, 2007; Tatler & Vincent, 2008).
Eye movement patterns during scene perception have been
investigated extensively in adults (for reviews, see Martinez-
Conde, Macknik, & Hubel, 2004; Rayner, 2009; Schütz, Braun, &
Gegenfurtner, 2011). Much of the research efforts are devoted to
processes of spatial target selection, i.e. where viewers tend to ﬁx-
ate within a scene and which factors modulate this selection. It has
been proposed that information processing and scan patterns are
inﬂuenced by the interaction between bottom-up and top-down
factors (Henderson, 2003; Oliva, 2005; Torralba et al., 2006).
Bottom-up processing is guided by low-level features of images,
such as saliency (Itti & Koch, 2000; Tatler, Baddeley, & Gilchrist,
2005; Tatler & Vincent, 2008) whereas top-down processing is
based on endogenous control, such as semantic schema knowl-
edge, working memory and behavioral task demands
(Castelhano, Mack, & Henderson, 2009; Fischer et al., 2013; Mills,
Hollingworth, & Dodd, 2011; Tatler & Vincent, 2008).
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under various control: during early instances mainly bottom-up
saliency aspects are relevant while later in time top-down control
becomes more dominant (Castelhano, Mack, & Henderson, 2009;
Mills, Hollingworth, & Dodd, 2011; Tatler & Vincent, 2008). These
processing characteristics have recently been related to the certain
patterns of eye movements, demonstrating a relationship between
saccade amplitude, ﬁxation duration and the respective attention
mode (Pannasch et al., 2008; Pannasch & Velichkovsky, 2009;
Tatler & Vincent, 2008; Unema et al., 2005; Velichkovsky et al.,
2002, 2005).
Attentional processing has often been distinguished into ambi-
ent and focal modes. The ambient mode is expressed by short ﬁx-
ations (<180 ms) followed by large amplitude saccades (>5). A
dominance of ambient processing has been found during the ﬁrst
2 s of scene viewing (e.g. Pannasch & Velichkovsky, 2009;
Pannasch et al., 2008; Unema et al., 2005; Velichkovsky et al.,
2002, 2005). The focal mode appears beyond the ﬁrst 2 s and is
characterized by long ﬁxations (>180 ms) surrounded by saccades
of relatively short amplitudes (<5) (Tatler & Vincent, 2008; Unema
et al., 2005; Velichkovsky et al., 2002, 2005). While the ambient
mode has been related to bottom-up processing, the focal mode
seems rather associated with top-down processing. Using a variety
of experimental conditions and images, Pannasch et al. (2008)
found expressions of ambient and focal gaze behavior when con-
trasting the ﬁrst 2 s (early phase) with the interval from 4 to 6 s
(late phase) of scene exploration. Ambient processing seems to
be related to the overall spatial orientation in a scene, whereas
focal processing serves the identiﬁcation of objects (Pannasch &
Velichkovsky, 2009; Velichkovsky et al., 2002, 2005). For example,
Velichkovsky et al. (2002) demonstrated that ambient ﬁxations are
related to the detection of hazardous events in a dynamic driving
task, whereas focal ﬁxations are more related to the identiﬁcation
of these events. A subsequent experiment using static images
revealed better recognition performance for fragments inspected
in focal mode in contrast to those that were explored by ambient
ﬁxations (Velichkovsky et al., 2005). Based on these ﬁndings, it
was suggested that the ambient and focal processing modes may
recruit two distinct visual pathways (Pannasch & Velichkovsky,
2009; Velichkovsky et al., 2002, 2005). Accordingly, ambient pro-
cessing is related to dorsal pathway activity, including areas
located in the dorsal occipital and parietal lobes, by rapidly trans-
ferring visual information of low spatial resolution. The dorsal
pathway has been associated with the processing of spatial rela-
tions and motion direction thereby enabling the spatial exploration
of the environment (Corbetta, Patel, & Shulman, 2008; Milner &
Goodale, 2008). In contrast, the ventral pathway, including the
temporo-parietal junction and the ventral frontal cortex, seems
to be related to the detection of salient and behaviorally signiﬁcant
stimuli as well as to the processing of object representations
(Corbetta, Patel, & Shulman, 2008; Milner & Goodale, 2008). There-
fore, it has been linked to the focal mode. Behavioral as well as
neuroanatomical aspects of the two processing modes have
already been examined in adults but it is still unknown whether
this dichotomy is already present early in life or whether it evolves
throughout development.
The oculomotor behavior develops in several steps during early
childhood and adolescence. The capability to ﬁxate a target is
acquired during the ﬁrst few months of life (Chandna, 1991;
Roucoux, Culee, & Roucoux, 1983) but more complex aspects of
the ﬁxation system, such as steadiness of ﬁxations and cognitive
control continues to develop until adolescence (Luna, Velanova, &
Geier, 2008). For instance, when subjects between 4 and 15 years
of age have to maintain a ﬁxation on a target, ﬁxation durations
increase and the number of reﬂexive saccades decrease with age
(Aring et al., 2007; Ygge et al., 2005). Furthermore, the ability tomaintain ﬁxation when peripheral distractors appear increased
from 8-years-olds to 10-years-olds, suggesting that cognitive con-
trol of ﬁxation develops until the age of 10 (Paus, Babenko, & Radil,
1990).
Regarding the development of saccade control, parameters such
as peak velocity, latency and accuracy have been investigated
(reviewed in Luna, Velanova, & Geier, 2008). While some studies
found no age speciﬁc differences for saccade velocity (e.g. Luna
et al., 2004; Munoz et al., 1998), others reported an increase in sac-
cade velocity from 3 to 14 years of age (Irving et al., 2006).
Saccades were found to be shorter and less precise when compar-
ing children with adults. However, these parameters tend to stabi-
lize around the age of 10 years (Fioravanti et al., 1995; Irving et al.,
2006; Munoz et al., 1998). Likewise, saccade latencies have been
found to decrease until the age of 15 years (Fukushima, Hatta, &
Fukushima, 2000; Irving et al., 2006; Klein & Foerster, 2001; Luna
& Sweeney, 2004; Munoz et al., 1998). Furthermore, cognitive con-
trol of saccade execution, operationalized by the performance in
pro- and anti-saccades tasks, reaches an adult-like performance
level at around 10–12 years of age (Fukushima, Hatta, &
Fukushima, 2000; Irving et al., 2009; Klein & Foerster, 2001). Taken
together, most aspects of saccade control and ﬁxation system con-
tinue to develop through childhood.
Developmental aspects of eye movement control have been
investigated mainly with the use of artiﬁcial stimuli and tasks (for
review, see Luna, Velanova, & Geier, 2008). Only few studies
employed naturalistic stimuli or scene perception (Egami et al.,
2009; Vurpillot, 1968). In two studies, using visual comparative
search, it was shown that children from 3 to 6 years old exhibit less
exploratory eye movements than older children (6- to 14-years-
olds); indicated by fewer and scarcely distributed ﬁxations (Egami
et al., 2009; Vurpillot, 1968). Related to processes of spatial target
selection, a study conducted by Açık et al. (2010) found a stronger
inﬂuence of local image features on gaze allocation for children of
7–9 years of age than for adults. According to these results, during
childhood the image exploration seems to be stronger affected by
bottom-up features; top-down strategies become more inﬂuential
later during maturation (Açık et al., 2010). Other studies examining
eye-movementpatternsduring sceneviewinghave testedatypically
developed children (e.g. autistic and Williams syndrome) focusing
mainly on ﬁxation landing and scene comprehension (Fletcher-
Watson et al., 2009; Riby & Hancock, 2008, 2009).
Recent reports revealed that the functionality of the dorsal and
ventral pathways is developing during childhood (Braddick &
Atkinson, 2011; Dekker et al., 2011; Gordon & McCulloch, 1999;
Parrish et al., 2005). There are characteristic patterns in behavior
(Braddick, Atkinson, & Wattam-Bell, 2003; Braddick & Atkinson,
2011; Gunn et al., 2002), suggesting that the ventral pathway
matures earlier than the dorsal pathway (Armstrong, Maurer, &
Lewis, 2009; Gunn et al., 2002; Klaver et al., 2008). Performance in
the form coherence task—which is associatedwith the ventral path-
way—children reacha similar level as adultswithof6–7 yearsof age.
In contrast, performance in the motion coherence task—which is
associated to the dorsal pathway—becomes comparable to the level
of adults by the age of 10–11 years (Armstrong, Maurer, & Lewis,
2009; Gunn et al., 2002; Klaver et al., 2008). Moreover, atypically
developed children (e.g. developmental hemiplegic, dyslexia and
autism) show greater impairment in spatial tasks, suggesting that
dorsal network is more vulnerable during development (Gunn
et al., 2002; Koldewyn, Whitney, & Rivera, 2011; Ridder, Borsting,
& Banton, 2001). These ﬁndings propose differences in the develop-
ment of the two distinct visual pathways, but so far, these aspects
were not linked to ambient and focal processing modes.
Studies on global and local processing of hierarchical visual
forms have suggested a local processing bias in infants and youn-
ger children (e. g. Dukette & Stiles, 1996, 2001; Poirel et al.,
A. Helo et al. / Vision Research 103 (2014) 83–91 852008; Vinter, Puspitawati, & Witt, 2010). It was found that the pro-
cessing of local stimulus properties dominates until the age of
4 years whereas processing in a more global manner becomes
more inﬂuential around 6–9 years of age (Dukette & Stiles, 1996,
2001; Poirel et al., 2008; Vinter, Puspitawati, & Witt, 2010). More-
over, the local processing dominance corresponds with the fewer
exploratory eye movements in younger children (Poirel et al.,
2008) and might be related to the maturation of parietal and visual
cortical areas (Poirel et al., 2011).
In summary, empirical evidence revealed several developmental
steps in the maturation of the visual system from childhood to ado-
lescence (reviewed in Luna, Velanova, & Geier, 2008). These ﬁndings
are basedmostly on studies employing simple and artiﬁcial stimuli.
Only few studies so far have examined age-related differences in eye
movement patterns with the use of complex or naturalistic stimuli
(Egami et al., 2009; Vurpillot, 1968). In particular, there is a gap in
knowledge regarding eye-movement patterns of children in free
visual exploration. Therefore, in the current study, we investigated
eye-movement patterns during scene perception in typically devel-
oping children in large range of age, covering the developmental
period from 2 to 10 years. Our ﬁrst aim was to examine to what
extent eye-movement pattern of children and adults are similar.
In particular, we were interested in the time-course of speciﬁc
eye-movement characteristics, that is, whether ambient processing
dominance early in scene exploration is followed by the prevailing
focal processing during later phases (Pannasch et al., 2008; Tatler
& Vincent, 2008; Unema et al., 2005). Considering that the ventral
pathway might mature before the dorsal pathway, we expect the
initial ambient processing being less prominent in younger children
compared with older children and adults. For focal processing, in
contrast, we expect stronger indications in younger children since
previous ﬁndings revealed a dominance of local processing below
the age of 6 years (Dukette & Stiles, 1996, 2001; Poirel et al., 2008;
Vinter, Puspitawati, &Witt, 2010). Our second aimwas to determine
whether the inﬂuence of bottom-up saliency on the guidance of eye-
movements is similar for all age groups. Since it is known that cog-
nitive resources increase by age (Gathercole et al., 2004; Gathercole,
1999; Hitch et al., 1988; Klenberg, Korkman, & Lahti-Nuuttila, 2010;
Pearson & Lane, 1991; Pickering, 2001; Sanders et al., 2006), we
anticipate a stronger impact of top-down control in older children.
This should be indicated by a decreased inﬂuence of saliency on
eye-movement behavior. We furthermore expect that saliency is
determining eye-movement behaviormainly during the early phase
of scene viewing as shown earlier in adults (Castelhano, Mack, &
Henderson, 2009; Mills, Hollingworth, & Dodd, 2011; Tatler &
Vincent, 2008). To answer these questions, our participants freely
explored sceneswhile their eyemovementswere recorded.We ana-
lysed ﬁxation durations and saccade amplitudes during the early
and late phases of scene viewing. Furthermore we examined the
amount of focal ﬁxations to explore whether focal processing is
more evident in younger than in older children and adults. Finally,
to study inﬂuences of low-level image features (i.e. saliency) on
eye movement behavior, observed ﬁxation positions were com-
pared with the predictions of a saliency model between age groups
and viewing phases.2. Materials and methods
2.1. Subjects
A total of 101 subjects participated in the experiment including
23 adult volunteers (14 females and 9 males, mean age 29 years,
range 25–39 years) and 78 children. The children were assigned to
four groups according to their age: 2-years-olds (9 girls and 9 boys,
mean age 24,8 months, range 24–26 months), 4–6-years-olds (14girls and 8 boys, mean age 4,6 years, range 4,0–5,8 years), 6–8-
years-olds (14 girls and 4 boys, mean age 7,1 years, range 6,3–
7,11 years), and 8–10-years-olds (8 girls and 12 boys, mean age
9,1 years, range8,2–10,1 years). Inorder to facilitate reading,wewill
henceforth use the following labels for the groups of different ages:
2y-group, 4–6y-group, 6–8y-group, 8–10y-group and adults-group.
The children were recruited from a database of parents who
volunteered to participate in child development studies, and came
from diverse socio-economic backgrounds in the Parisian region.
All subjects had normal or corrected to normal vision with no hear-
ing or language impairment. All children were born full-term and
presented a typical development. The study was conducted in con-
formity with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) and approved by the Ethics Committee
of the University of Paris Descartes. Four additional children were
recruited but their data were rejected due to calibration problem.
2.2. Apparatus
Eye movements were sampled monoculary at 500 Hz using the
EyeLink 1000 Remote eye trackers system (SR Research, Ontario,
Canada) with a spatial resolution below 0.01 and a spatial accuracy
of better than 0.5. In order to operate the system in the remote
mode, a small target sticker was placed on the participants’ fore-
head. The sticker allowed tracking of head position even when the
pupil imagewas lost (i.e., during blinks or suddenmovements). Sac-
cades and ﬁxations were deﬁned using the saccade detection algo-
rithm supplied by SR Research: Saccades were identiﬁed by
deﬂections in eyeposition in excess of 0.1, with aminimumvelocity
of 30s1 and aminimumaccelerationof 8000s2,maintained for at
least 4 ms. Data samples that were not recognized as saccades were
considered as ﬁxations. Pictures were displayed using a GeForce
7300GT card and a CRTdisplay (SonyGDMF520) at 1024  728pix-
els at a refresh rate of 100 Hz viewed from a distance of 60 cm.
2.3. Stimuli
Thirty digitized scenes with a resolution of 1024  768 pixels
served as stimuli. These scenes were color pictures taken from chil-
dren books or movies with several central objects or characters and
an eventful background. From half of these images, we took signif-
icant image segments with a size of 200  200 pixels. Another ﬁf-
teen image segments were taken from similar images, serving as
catch-trial image segments.
2.4. Procedure
Children participants and their parents as well as the adult par-
ticipants were informed of the purpose of the study before signing
the consent. Participants seated in a sound attenuated, dimly lit
room; only the 2-years-olds were sitting on the laps of their
parents.
Participants were instructed to explore the images. Before the
start of the experiment and before each block (see below) a 5-point
calibration and validation was performed. Each trial started with a
drift check accompanied by the presentation of a full-screen scene
image for 10 s. For 4–10-years-olds and the adults the scene was
subsequently replaced by an image segment presented at the cen-
ter of the screen; in 50% of the cases the image segment was valid.
Participants had to determine whether the segment was part of the
previous seen picture or not and respond by pressing the respec-
tive button. The segment was showed for 5 s or until a keyboard
button was pressed (see Fig. 1A for an example trial). The segment
recognition test was only included in the experiment to maintain
the motivation of our participants. Participants older than 4 years
of age completed 3 blocks, each consisted of 10 trials including
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free-viewing task and completed only 2 blocks of 10 trials (see
Fig. 1B for an example trial). Scene images were shown in random-
ized order. Between the blocks, children were allowed to have a
small break and watch a short animation ﬁlm (duration of
2 min). Eye-movements were recorded during all trials. The total
duration of the experiment, including the preparation for recording
and calibration, was approximately 30 min per participant.
2.5. Data analysis
The data analyses were carried out using SPSS 21.0 and MATLAB
8.0. Only ﬁxations and saccades that started after the image onset
and were terminated before the image offset were included in the
analysis. Furthermore, all ﬁxations outside the presentation screen,
ﬁxations shorter than 90 ms and ﬁxations around eyeblinks were
discarded. Saccades longer than 40 were also discarded. The per-
centage of missing data per trial was calculated and trials with
more than 40% of missing data were also discarded.
According to earlier ﬁndings (e.g. Velichkovsky, Dornhoefer,
Pannasch, & Unema, 2000), ﬁxation durations were anticipated to
show a right skewed distribution where the median represents a
more reliable value than the mean. Therefore, the median of each
subject was calculated and used for the further analysis. To com-
pare different groups the mean of medians was used.
The inﬂuence of stimuli saliency on ﬁxation landings was also
analyzed. The Graph-Based Visual Saliency (GBVS) algorithm was
used to determine a saliency map for each image (Harel, Koch, &
Perona, 2007). To determine the level of correct prediction of ﬁxa-
tion landings, a receiver operating characteristics (ROC) analysis
between eye-movements (provided as x, y ﬁxation points) and
the saliency maps for each image was performed in all subjects
(e.g. Follet, Le Meur, & Baccino, 2011; Hou, Harel, & Koch, 2011;
Zhao & Koch, 2011). Then the mean of area under the curve
(AUC) for each subject was calculated. A value of 0.5 indicates ran-
dom performance, whereas 1.0 denotes a perfect prediction.
For the statistical testing the respective values were subjected
to one-way analysis of variance (ANOVA), repeated measures
ANOVA, and repeated measures multivariate analysis of variance
(MANOVA). Bonferroni correction was used in the post-hoc analy-
ses. Nonparametric Spearman correlation was used to determine
effect of age in ﬁxation duration and saccade amplitude.
3. Results
3.1. Task performance
Task performance was analyzed for all participants (except for
the 2y-group). The percentages of correct responses were enteredFig. 1. Example trial as it was presented to (A) the 4–10 years old participants and the adinto a one-way ANOVA and showed an effect of age group,
F(3,78) = 22.15, p < .001. Further post-hoc analyses revealed infe-
rior performance for the 4–6y-group (71.5% of correct responses)
compared with all other groups (6–8y-group, M = 83.3%; 8–10y-
group, M = 89.5%; and adults-group, M = 93.9%), all p-values < .01.
Furthermore, performance was signiﬁcantly different between 6–
8y-group and adults-group, p < .01.3.2. Fixation duration and saccade amplitude
In order to determine whether general eye movement patterns
changed with age, correlations between ﬁxation duration, saccade
amplitude and age were calculated. There was a negative correla-
tion between ﬁxation duration and age revealing shorter ﬁxations
with increasing age, r(78) = 0.74, p < .001, whereas saccade ampli-
tude was positively correlated with age, r(78) = 0.59, p < .010. Fur-
thermore, to determine with which age adult-like values were
achieved a repeated measure MANOVA was conducted to compare
ﬁxation durations and saccadic amplitudes between groups. A sig-
niﬁcant multivariate effect was found for the main effect of group
on both ﬁxation durations and saccade amplitudes, F(2,8) = 23.65,
p < .001. Follow-up ANOVAs conﬁrmed signiﬁcant differences
between the groups for ﬁxation durations F(4,101) = 48.02,
p < .001, and saccade amplitudes, F(4,96) = 14.07, p < .001. Post-
hoc analyses indicated that ﬁxations were longer in the 2y-group
(M = 332) and 4–6y-group (M = 277) compared with the other age
groups (6–8y-group, M = 252; 8–10y-group, M = 247; and adults
M = 233, all p-values < .05 (see Fig. 2A). Fixations of the 2y-group
were also longer than those of 4–6y-group, p < .001. Saccade ampli-
tudes were signiﬁcantly shorter in the 2y-group,M = 3.4 compared
with other age groups (4–6y-group, M = 4.35; 6–8y-group,
M = 4.88; 8–10y-group, M = 4.81; and adults M = 4.46), all p-val-
ues < .01 (see Fig. 2B).3.3. Time course of ﬁxation durations and saccade amplitudes
Possible inﬂuences of time course on the gaze behavior were
analyzed by comparing two different viewing phases. The early
viewing phase comprised the time interval 0–2 s while the late
viewing phase covered the 4–6 s time interval. This distinction
was applied based on previous ﬁndings in adult studies (e.g.,
Follet et al., 2010; Pannasch et al., 2008). As discussed by
Pannasch et al. (2008), this distinction intentionally disregards
the interval in between both phases since it a gradual transition
from early to late phases is assumed. We adopted this analysis
strategy, because our main interest was to investigate the question
of whether both phases can be identiﬁed across different age
groups.ults and (B) 2 years old group. All images were presented to the participants in color.
Fig. 2. Fixation durations (A) and saccade amplitudes (B) for the different age groups. Error bars depict the standard deviation.
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duration and for saccade amplitude per subject; these individual
medians were used for statistical testing. Fixations and saccades,
which begun within a viewing phase, were included even if they
lasted across the time interval. Fixation durations and saccade
amplitudes were examined for differences along the time course
by conducting a 5 (group)  2 (viewing phase) repeated measures
MANOVA. Signiﬁcant effects were found for processing phase,
F(2,8) = 24.4, p < .001, and group, F(2,8) = 37.7, p < .001, with no
interaction, F < 1. A follow-up ANOVA for ﬁxation durations
revealed main effects for group, F(4,96) = 65.2, p < .01, and for
viewing phase F(1,96) = 4.7, p < .05, with no interaction, F < 1. As
expected, ﬁxation durations were shorter in the early viewing
phase (early: M = 264.4, late: M = 274.3). Since there was no inter-
action between group and viewing phase, the increase in ﬁxation
durations from the early to the late phase can be considered as a
stable effect across different age groups (2y-group, Ms = 337.7 vs.
347.3; 4–6y-group, Ms = 274.3 vs. 281.8; 6–8y-group, Ms = 246.6
vs. 257.4; 8–10y-group, Ms = 242.2 vs. 253.6; and adults
Ms = 231.0 vs. 241.3; see Fig. 3A). However, post-hoc pairwise
t-tests revealed signiﬁcant differences between the phases only
for the 8–10y-group and in adults, p < .01.
The follow-up ANOVA for saccade amplitudes revealed main
effects for group, F(4,96) = 23.5, p < .001, and for processing phase,
F(1,96) = 41.4, p < .001, with no interaction, F = 1.5. Regarding the
factor group, saccades were shortest for the 2y-group. Saccade
amplitudes were longer during the early viewing phase (early:
M = 5.1, late: M = 4.3). Due to the absence of an interaction, the
decrease in the length of saccades from the early to the late phase
can be assumed as valid for all groups (2y-group, Ms = 3.9 vs. 3.0;
4–6y-group, Ms = 5.6 vs. 4.2; 6–8y-group, Ms = 5.5 vs. 4.8; 8–10y-
group, Ms = 5.6 vs. 4.9; and adults Ms = 4.9 vs. 4.3; Fig. 3B). This
was proved to be signiﬁcant by conducting post-hoc pairwise
t-tests (all p < .01, expect 2-y-group, p = .01).Fig. 3. Fixation durations (A) and saccade amplitudes (B) during early and late viewi3.4. Proportion of ‘‘ambient’’ and ‘‘focal’’ ﬁxations in each age group
In order to know whether the proportion of ambient and
focal ﬁxations was different between the age groups, we catego-
rized the ﬁxations based on ﬁxation duration and following saccade
amplitude. Short ﬁxations (<180 ms) followed by long saccades
(>5) were considered as ambient ﬁxations, whereas long ﬁxations
(>180 ms) followed by short saccades (<5) were considered as
focal ﬁxations (Unema et al., 2005). We considered the total of
these two types of ﬁxations as the 100% of the ﬁxations for the
analysis. To compare the proportion of ambient and focal ﬁxation
between groups, a 5 (group)  2 (ﬁxation type) repeated measures
ANOVA was conducted. Statistical testing revealed a signiﬁcant
main effect of ﬁxation type, F(1,96) = 2039.98, p < .001, but no
effect of group, F < 1. Furthermore, there was a signiﬁcant interac-
tion between group and ﬁxation type, F(4,96) = 29.54, p < .001. All
groups showed higher proportion of focal than ambient ﬁxations
(Fig. 4). Post-hoc analyses revealed the largest proportion of focal
ﬁxations for the 2y-group (94.8); with increasing age, this propor-
tion decreased (4–6y-group: 0.85, 6–8y-group: 0.81; 8–10 y-
group: 0.78 and adults-group: 0.72; all p-values < .05). The propor-
tions furthermore differed between the 4–6y-group, 8–10y-group
and the adults-group, p < .01, as well as between the 6–8y-group
and the adults-group, p < .01. These results show that proportion
of ambient ﬁxation increase and proportion of focal ﬁxation
decrease until age of 6–8 years old.
3.5. Effect of saliency on ﬁxation landings
In order to determine the inﬂuence of low-level features on eye
movement guidance in different age groups we compared pre-
dicted and recorded ﬁxation distributions. Previous studies sug-
gested that during the early viewing phase—dominated by the
ambient mode—saliency aspects of images mainly inﬂuence eyeng phases for the different age groups. Error bars depict the standard deviation.
Fig. 4. The proportion of ambient and focal ﬁxations for the different age groups.
Fig. 5. Mean of area under the curve (AUC) indicating the difference between
computational saliency maps and eye movement behavior by groups in early and
late phases. Error bars depict the standard deviation.
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nated by focal mode—top-down control becomes more important
(Castelhano, Mack, & Henderson, 2009; Mills, Hollingworth, &
Dodd, 2011; Tatler & Vincent, 2008). Thus, we also tested whether
there were differences between early and late viewing phases in
the inﬂuences of saliency on ﬁxations landings. Predicted ﬁxation
distributions were obtained by calculating the saliency map for
each image using GBVS (Harel, Koch, & Perona, 2007). We esti-
mated the ROC to determine the level of correct predictions of ﬁx-
ation landings in each age group and each phase and we compared
the prediction level between the different age groups and phases
(Fig. 5). To compare the ﬁxation landing a 5 (group)  2 (viewing
phase) repeated measures ANOVA was conducted. Main effects of
group, F(4,96) = 10.88, p < .001, and viewing phase, F(4,96) =
305.88, p < .001, were signiﬁcant, with no interaction, F > 1. The
post-hoc analyses indicated a better match between the predicted
and observed data for the 2y-group and the 4–6y-group compared
with the 8–10y-group and the adults-group p < .05. Therefore, the
match between predicted and observed behavior differed between
group but this match is for all groups better for the early phase.4. Discussion
In the current study, we compared eye-movement patterns of
typically developing children of different ages (range 2–10 years)
and healthy adults during free exploration of naturalistic scenes.
Our main aims were to ascertain whether ambient and focal modes
are present during scene-viewing across this age range and todetermine whether the inﬂuence of bottom-up factors such as sal-
ience in eye movement behavior is similar in different age groups.
Our results show that ﬁxation durations decrease while saccade
lengths increase with age. Adult-like values were reached earlier
for saccade amplitudes (4–6 years old) than for ﬁxation durations
(6–8 years old). Furthermore, we obtained shorter ﬁxation dura-
tions and longer saccade amplitudes during the early viewing
phase (ﬁrst 2 s) compared with the late viewing phase (4–6 s) in
all age groups, suggesting that the ambient and focal processing
modes are present already at 2 years of age. However, when the
proportion of ﬁxations was analysed, the number of focal ﬁxations
was signiﬁcantly higher in younger children (2y-group and 4–6y-
group) compared with all other age groups and adults-like values
were achieved near to 8–10 years of age. Analyzing the inﬂuence
of bottom-up factors on eye guidance at different ages revealed a
stronger impact of saliency for younger children (2y-group and
4–6y-group) than for older children (8–10y-group) and adults.
The further comparison of ﬁxation landings between early and late
phases revealed higher inﬂuence of salience during the early than
the late phase in all age groups.
Saccade amplitudes were shorter in the 2y-group compared
with the older groups. Saccade lengths that were comparable to
adults were achieved in the 4–6y-group. Our results agree with
previous ﬁndings reporting shorter saccade amplitudes and lower
accuracy in pro- and anti-saccade tasks for children when com-
pared with adults. However, in these tasks, it was shown that
adult-like values were achieved only at 10 years of age
(Fioravanti et al., 1995; Irving et al., 2006, 2009; Munoz et al.,
1998). Conversely, we found longer ﬁxations in younger children,
up to 6 years of age. Unlike our results, ﬁxation durations have
been found to increase from 4 to 15 years of age when maintaining
ﬁxation. This suggests that the ability to maintain attention and to
inhibit reﬂexive saccades continues to develop through childhood
until adolescence (Aring et al., 2007; Ygge et al., 2005). In another
study, children of 4–16 years of age had to compare faces in a
search task and it was found that gaze duration increased with
age (Egami et al., 2009). However, these tasks required to inhibit
saccades or to maintain ﬁxations and were therefore different from
the procedure used in our study where subjects freely explored the
shown images. Besides, 7–8-month old infants showed longer ﬁx-
ations when freely exploring images of faces as children in our 2y-
group (700 vs. 330 ms; Papageorgiou et al., 2014). These data sup-
port our results, suggesting that ﬁxation durations in free viewing
decrease progressively during development. There are at least two
possible explanations for longer ﬁxations in younger children.
Firstly, it has been proposed that ﬁxation durations are directly
related to the difﬁculty of cognitive processes such as information
extraction (Chen et al., 2013; Groner & Groner, 1989; Just &
Carpenter, 1980) or recall in memory tasks (Velichkovsky et al.,
2005). Additionally, it has been shown that infants who exhibit
shorter looking times are faster in the processing of visual stimuli
when compared with same-aged infants with longer looking times
(Colombo et al., 1991; Sigman et al., 1991). Thus, younger children
might have longer ﬁxations because they require more time to pro-
cess visual information due to their less developed cognitive
resources. Additionally, saccade latencies are shown to decrease
with increasing age (Fukushima, Hatta, & Fukushima, 2000;
Irving et al., 2006; Klein & Foerster, 2001; Luna & Sweeney,
2004; Munoz et al., 1998). Accordingly, a second possible explana-
tion is that younger children have longer ﬁxations because it takes
more time to them to program the next saccade.
It has been reported that eye-movement patterns are affected
by task requirements (Castelhano, Mack, & Henderson, 2009;
Fischer et al., 2013; Mills, Hollingworth, & Dodd, 2011; Tatler
et al., 2011; Tatler & Vincent, 2008). In our study, the 2y-group
explored the images without any task, whereas the older
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by Tatler et al. (2011), the concept of free viewing is questionable
because we cannot be sure of the participants’ mental priorities
during the exploration of the scenes. In addition, free viewing
and subsequent recognition task might provoke different patterns
of eye-movements. Mills, Hollingworth, and Dodd (2011) investi-
gated eye-movement parameters in adults during free viewing,
memory and search tasks, and observed shortest saccades for the
free viewing condition when compared with the other conditions
of their experiment. Fixation durations appeared to be longer in
the free-view than in the search task. According to these ﬁndings,
the shorter saccades and longer ﬁxations for our youngest group
might be also explained by differences in the task demands and
not necessarily refer to developmental aspects of eye movement
control. However, due to the design of the present investigation,
the results do not allow answering this question. Further work,
varying systematically the task and the difﬁculty, might provide
detailed insights to test this assumption.
Furthermore, we explored ﬁxation durations and saccade
amplitudes within early and late phases of scene viewing to test
whether the relationship between ﬁxation durations and saccade
amplitudes varies according to the age. Although the differences
were not statistically signiﬁcant for all age groups, we observed a
robust trend with regard to changes related to the viewing-time:
saccadic amplitudes decreased while ﬁxation durations increased
over time. The trend in this behavior was obtained already in 2-
years-olds (see Fig. 3). This observation is in accordance with ear-
lier ﬁndings in adult participants, suggesting a direct link between
eye movement behavior and distinct modes of processing (Follet,
Le Meur, & Baccino, 2011; Tatler & Vincent, 2008; Unema et al.,
2005). Ambient mode has been related to preattentive scanning
associated with the exploration of the spatial layout dominating
the early phase of viewing time, whereas the focal mode has been
related to attentive processing associated with the identiﬁcation of
object features, dominating later phases of scene exploration
(Unema et al., 2005; Velichkovsky et al., 2002, 2005). Previous
investigations in adults demonstrated the robust relationship
between ﬁxation duration, saccade amplitude and viewing phases
for different visual stimuli (paintings, computer rendered scenes,
photographs and emotional stimuli; Pannasch et al., 2008) as well
as for different tasks (localization vs. identiﬁcation tasks, Unema
et al., 2005). The present observations are in line with these previ-
ous ﬁndings. We obtained an increase in ﬁxation durations and a
decrease in saccade amplitudes when there was no task given to
children below 4 years of age as well as when a recognition task
was provided for children older than 4 years. However, a critical
issue here might be the deﬁnition of early and late viewing periods.
We applied the same time windows to all of our participants. There
is a possibility that across the different age groups the boundaries
for early and late phases should be adjusted individually. Future
work should compare and analyse the time course on a more ﬁnely
grained resolution, in order to conﬁrm or reject the classiﬁcation
for the time course that was applied here. Nevertheless, we think
that the present ﬁndings provide further evidence for the existence
of the two distinct processing mechanisms, thereby indicating the
relevance of this fundamental feature of our visual system.
The focal and ambient modes have been associated to the activ-
ity of ventral and dorsal visual pathways, respectively, and it has
been suggested that some functions associated to the ventral path-
way might mature around the age of 6 years whereas those associ-
ated to the dorsal pathway mature above 8 years of age (Braddick
& Atkinson, 2011; Braddick, Atkinson, & Wattam-Bell, 2003; Gunn
et al., 2002). Also, several previous studies have shown that until
the age of 4 years, children exhibit a local bias in the processing
of hierarchical visual forms, whereas by the age of 6–9 years, a glo-
bal preference becomes visible (e. g. Dukette & Stiles, 1996, 2001;Poirel et al., 2008; Vinter, Puspitawati, & Witt, 2010). It has been
reported that the shift from local to global preference is related
to the anatomical maturation of the brain areas associated to the
dorsal pathway (Poirel et al., 2011). Based on this information, it
is reasonable to expect a focal bias in the ocular behavior of chil-
dren younger than 8 years of age. Therefore, in order to ﬁnd out
whether these two attention modes are similarly present in all
age groups, the ﬁxations were classiﬁed as focal and ambient,
based on ﬁxation durations and the amplitude of the subsequent
saccade. The results showed that two youngest groups had a higher
proportion of focal ﬁxations and lower proportion of ambient ﬁxa-
tions compared with the older groups. Adult-like values were
achieved near to 8–10 years old. This greater number of focal ﬁxa-
tions in younger children suggests a dominance of focal mode in
children younger than 6–8 years of age. We suggest that the focal
mode dominance in our younger groups (i.e. below 6 years of
age) might be related both to the earlier maturation of ventral
visual pathway (Braddick & Atkinson, 2011; Braddick, Atkinson,
& Wattam-Bell, 2003; Gunn et al., 2002) and the tendency to pro-
cess stimuli based on their local characteristics (e. g. Dukette &
Stiles, 1996, 2001; Poirel et al., 2008; Vinter, Puspitawati, & Witt,
2010).
Our results furthermore show a better match between recorded
gaze distribution and the distribution predicted by the saliency
model for children from the age of 2 to 6 years than for older par-
ticipants. These results are in accordance with previous ﬁndings
(for reviews, see Henderson, 2003; Henderson & Ferreira, 2004)
showing that eye guidance during scene perception is inﬂuenced
by the combination of low-level image features and top-down con-
trol. Since the cognitive resources—that allow top-down control—
are developing during childhood, (e.g. Gathercole, 1999;
Gathercole et al., 2004; Hitch et al., 1988; Klenberg, Korkman, &
Lahti-Nuuttila, 2010; Pearson & Lane, 1991; Pickering, 2001;
Sanders et al., 2006) gaze behavior should be stronger inﬂuenced
by low-level features at younger ages. This ﬁnding agrees also with
results presented previously by Açık et al. (2010) where these
authors showed that the ocular movement behavior of children
from 7 to 9 years olds were more inﬂuenced by the features of
the images than of adults suggesting that top-down strategies
become more important with increasing age. Moreover, previous
studies in adults have demonstrated that saliency aspects domi-
nate the spatial distribution of ﬁxations early in scene viewing.
This bottom-up control seems to be stronger associated with the
ambient mode while top-down control becomes more dominant
during late phases (Castelhano, Mack, & Henderson, 2009; Mills,
Hollingworth, & Dodd, 2011; Tatler & Vincent, 2008). Our results
also agree with these previous ﬁndings; saliency predictions
revealed a better match with the actual landing positions of ﬁxa-
tions during the early viewing phase and were less accurate during
the late viewing phase. This was a global observation across all
tested age groups. However, it is important to take into account
that features of higher saliency are often clustered in central
regions of scenes, and it has been shown that early ﬁxations tend
to land more often in the center than later ﬁxations, independently
of salience (Tatler, 2007; Tatler, Baddeley, & Gilchrist, 2005). So,
the differences between the early and late phases reported here
might be due to different attentional strategies but also due to
the image characteristics. Future work should disentangle possible
interactions between viewing characteristics, power spectra of
images and age-related inﬂuences to further explore this issue.
In summary, our results indicate age-related differences in
viewing patterns during scene perception. Regarding the saccadic
amplitudes, adult-like behavior was found at the age of 4–6 years,
suggesting that the most important steps of the development are
completed around that age. However, regarding the cognitive
aspects, expressed by the length of ﬁxations (i.e. the duration of
90 A. Helo et al. / Vision Research 103 (2014) 83–91processing) and the reduced bottom-up inﬂuences on the selection
of ﬁxation locations, the development seems to last until the age of
6–8 years. In contrast to these differences, the relationship
between saccade amplitude and ﬁxation duration seems age-inde-
pendent since indications for ambient and focal processing modes
are already present at the age of 2 years. According to this differen-
tiation, we suppose that the two attentional mechanisms are fun-
damental for our survival since they seem to be active presumably
even before 2 years of age. This assumption is supported by the fact
that the distinction between localization and identiﬁcation (i.e.
ambient and focal processing) has been found in nonhuman prima-
tes as well as various other animal species (Ingle et al., 1967; Ingle,
1967; Trevarthen, 1968). Therefore, these mechanisms are in ser-
vice even before accurate oculomotor and cognitive control is
achieved. The present study provides the ﬁrst overview on the rela-
tionship between gaze parameters during free-viewing in children
of different ages. Additionally, this work provides the ﬁrst
approach to understand the relationship between gaze behavior
and attentional mechanisms from a developmental perspective.
Future work should better control for aspects such as task difﬁculty
and the precision of the time course in order to provide a more
detailed and complete picture of these developmental processes.
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